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1. 

WIDE BAND GAPTRANSISTORS ON 
NON-NATIVE SEMCONDUCTOR 
SUBSTRATES AND METHODS OF 

MANUFACTURE THEREOF 

This patent application is a U.S. National Phase Applica 
tion under 35 U.S.C. 371 of International Application No. 
PCT/US2013/077621 filed Dec. 23, 2013. 

TECHNICAL FIELD 

Embodiments of the present invention relate generally to 
wide band gap transistors on semiconductor Substrates and 
their methods of fabrication. More particularly, embodi 
ments of the present invention relate to gallium nitride 
transistors on silicon substrates and their methods of fabri 
cation. 

BACKGROUND 

Power management (PM) and radio frequency (RF) 
amplification are critical device processes performed in the 
operation of modern mobile computing platforms, such as 
Smartphones, tablets, and laptop/notebooks. Integrated cir 
cuits (IC) contained in System-on-Chip products and 
designed to perform these operations, such as power man 
agement integrated circuits (PMIC) and radio frequency 
integrated circuits (RFIC), require transistors that can with 
stand high Voltages and electric fields. Typical Voltages 
encountered by PMICs and RFICs that perform high-voltage 
switching for DC-to-DC conversion in the output filter as 
well as in the drive circuitries, for example, can be as much 
as 3.7 V as outputted by ordinary lithium batteries. Using 
silicon transistors to perform at these high Voltages, how 
ever, proves difficult due to the low band gap of silicon (i.e., 
1.12 eV). For instance, in order for a silicon transistor in a 
silicon-based PMIC to withstand voltages of 3.7 V, the 
transistor size will need to be in the dimension of tens of 
millimeters. In an alternative solution, silicon transistors in 
a PMIC can be formed in series. However, such configura 
tions have significant power losses and high resistances, 
which lead to short battery life and cooling issues. As a 
result, current Solutions utilize alternative semiconductor 
materials with wider band gaps. One such material is gal 
lium nitride (GaN). 
GaN is a wide band gap (i.e., 3.4 eV) semiconductor 

material that has been widely explored for its beneficial 
properties relating to micro-electronic devices including, but 
not limited to, transistors, light emitting diodes (LED), and 
high-power integrated circuits. GaN has a wurtzite crystal 
line structure with a lattice constant that is smaller than the 
lattice constant of silicon, and has an electron mobility 
similar to that of silicon, which is approximately 1300 cm 
(vs)'. 

Currently, GaN is grown heteroepitaxially on non-GaN 
Substrates by brute force (e.g., direct growth of epitaxial 
GaN on non-GaN substrates). Brute force growth of GaN on 
non-native substrates results in Substantial lattice mismatch 
between the substrate and the epitaxial layer caused by the 
difference in their lattice structures and/or lattice constants. 
Lattice mismatch between a non-GaN substrate and a GaN 
epitaxial layer causes threading dislocation defects to propa 
gate in all directions from the interface between the GaN 
epitaxial layer and non-GaN substrate. 

In an effort to decrease the amount of these defects, 
conventional Solutions grow a thick buffer layer (e.g., 
greater than 1 um) of GaN on a non-native Substrate (e.g., 
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2 
silicon, Sapphire, or silicon carbide) in hopes that a number 
of threading dislocations will cease to occur somewhere in 
the middle of growth. Even with several microns of buffer 
GaN growth, however, the defect density of resulting GaN 
cannot achieve a defect density less than 2E7 cm°. Fur 
thermore, the buffer layer creates a large height difference 
between GaN transistors formed on top of the buffer layer 
and other transistors formed on the silicon Substrate. Such as 
complementary metal oxide semiconductors (CMOS). As a 
result, this height difference precludes direct heterogeneous 
integration of GaN transistors on silicon substrates for 
co-integration with silicon CMOS transistors on the same 
Substrate plane. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an isometric view of a wide band gap 
transistor co-integrated with a silicon-based finFET transis 
tor on a silicon Substrate, in accordance with an embodiment 
of the invention. 

FIGS. 2A-2K illustrate isometric views of a method of 
forming a wide band gap transistor co-integrated with a 
silicon-based finFET transistor on a silicon substrate, in 
accordance with an embodiment of the invention. 

FIG. 3 illustrates a computing system implemented with 
one implementation of the invention. 

DETAILED DESCRIPTION 

Wide band gap transistors formed on non-native semi 
conductor substrates and their methods of fabrication are 
disclosed. Embodiments of the present invention are 
described with respect to specific details in order to provide 
a thorough understanding of the invention. One of ordinary 
skill in the art will appreciate that embodiments of the 
invention can be practiced without these specific details. In 
other instances, well known semiconductor processes and 
equipment are not described in specific detail in order to not 
unnecessarily obscure embodiments of the present inven 
tion. Additionally, the various embodiments shown in the 
figures are illustrative representations and are not necessar 
ily drawn to scale. 

Embodiments of the invention are directed to wide band 
gap transistors formed on semiconductor Substrates. Wide 
band gap transistors are formed by lateral epitaxial over 
growth (LEO) from an adjacent trench. Using LEO to form 
a channel structure for a wide band gap transistor precludes 
the need for a large buffer layer. In embodiments, the wide 
band gap transistors are co-integrated with silicon transistors 
on the same wafer plane of a monocrystalline silicon Sub 
Strate. 

In one embodiment of the invention, a monocrystalline 
silicon substrate is provided. The silicon substrate includes 
a top silicon dioxide insulating layer. A channel structure is 
formed directly on top of the top silicon dioxide insulating 
layer of the silicon substrate. The channel structure is 
composed of a wide band gap semiconductor material. A 
gate electrode, a gate dielectric, and optional gate spacers 
are formed on top of the channel structure. Disposed directly 
adjacent to the channel structure are a source and a drain. 
The source and drain are disposed on opposite sides of the 
channel structure. Directly below the source is a trench that 
extends from a top surface of the silicon Substrate, through 
the silicon dioxide insulating layer, and into the silicon 
Substrate. Accordingly, the channel structure is adjacent to 
the trench. The trench contains a trench material composed 
of a defective wide band gap semiconductor material. The 
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trench material and the channel structure are composed of 
the same semiconductor material. However, the channel 
structure has significantly less defects than the trench mate 
rial. The trench material is thermally coupled with the 
Source, thus providing a direct heat sink to the Substrate. 
Forming the channel structure directly on top of the silicon 
dioxide insulating layer allows the wide band gap transistor 
to be co-integrated with a transistor on the same semicon 
ductor substrate. 

FIG. 1 illustrates an isometric view of a wide band gap 
transistor co-integrated with a finFET transistor on a silicon 
semiconductor substrate 102 in accordance with an embodi 
ment of the present invention. Parts of the wide band gap 
transistor and finFET device. Such as first contacts (e.g., 
Source and drain contacts) and an interlayer dielectric, are 
not shown for purposes of clarity. An illustration in region 
A of FIG. 1 depicts wide band gap transistors formed on a 
semiconductor substrate 102. Additionally, an illustration in 
region B of FIG. 1 depicts a finFET transistor formed on the 
semiconductor substrate 102 in the same wafer plane as the 
wide band gap transistors. As shown in FIG. 1, the wide 
band gap and finFET transistors are co-integrated with one 
another. That is, the wide band gap transistor and the finFET 
transistor are formed side-by-side within the same wafer 
plane. The dotted lines in between the two structures indi 
cate that the finFET transistor is formed on the same wafer 
plane as the wide band gap transistor regardless of whether 
the wide band gap transistor is adjacent to or far away from 
the finFET transistor. 

Semiconductor substrate 102 may be composed of any 
suitable substrate for semiconductor device fabrication, such 
as a bulk monocrystalline silicon substrate. The semicon 
ductor substrate 102 includes a dielectric layer 104 formed 
on a top surface of the semiconductor substrate 102. As such, 
the dielectric layer 104 electrically isolates the semiconduc 
tor substrate 102. Any suitable dielectric material, such as 
silicon dioxide, may be used to form the dielectric layer 104. 
As depicted in region A of FIG. 1, a channel structure 106 

is disposed on the dielectric layer 104 of the silicon substrate 
102. The channel structure 106 is composed of a wide band 
gap semiconductor material. In some embodiments, the 
channel structure 106 is composed of a semiconductor 
material with a band gap greater than 2.0 eV. In other 
embodiments, the channel structure is composed of a III-V 
material. In one particular embodiment, the channel struc 
ture 106 is composed of GaN. The dielectric layer 104 
electrically isolates the channel structure 106 from the 
silicon substrate 102. Electrically isolating the channel 
structure 106 from the substrate 102 advantageously reduces 
transistor body leakage and parasitic capacitance. Further 
more, using a silicon substrate 102 with a dielectric layer 
104 advantageously precludes the need for an expensive 
silicon-on-insulator (SOI) substrate. 
The channel structure 106 may have a small amount of 

defects within its crystalline structure. Defects within the 
crystalline structure of the channel structure 106 increase 
channel resistance when the wide band gap transistor is 
turned ON. The increased channel resistance causes the 
transistor to operate inefficiently. As such, a channel struc 
ture 106 with a low defect density is desired. In one 
particular embodiment, the defect density of the channel 
structure 106 is lower than 1E9 cm due to the use of lateral 
epitaxial overgrowth (LEO). In an alternative embodiment, 
the defect density of the channel structure 106 is lower than 
2E7 cm. 

Disposed directly adjacent and on opposite sides of the 
channel structure 106 are a source 108 and a drain 110. The 
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4 
source and drain 108 and 110 are composed of any suitable 
semiconductor material that can be epitaxially grown from 
the channel structure 106. For instance, a suitable semicon 
ductor material is an alloy of the channel structure 106. In 
an embodiment, the source and drain regions 108 and 110 
are composed of a material that has a band gap narrower 
than the channel structure 106. As such, the contact resis 
tance between the source and drain 108 and 110 and a first 
contact can be minimized. In one particular embodiment, the 
channel structure 106 is composed of GaN and the source 
and drain 108 and 110 are composed of indium gallium 
nitride (InGaN). Indium Nitride has a band gap of 0.9 eV. 
Thus, when indium is alloyed with GaN, the resulting 
overall effective band gap of InCiaN is lower than 3.4 eV. 
Moreover, because InGaN is an alloy of GaN. InGaN can be 
epitaxially grown from the channel structure 106. 

In some embodiments, the drain 110 is formed directly on 
the top surface 105 of the dielectric layer 104. Accordingly, 
the source 108 is formed directly on a top surface 123 of a 
trench material 115 formed within a trench 107. As such, the 
trench material 115 is also adjacent to the channel structure 
106. Forming the source 108 directly on the top surface 123 
of the trench material 115 thermally couples the source 108 
with the substrate 102. Thermal coupling between the source 
108 and the substrate 102 advantageously provides direct 
heat sinking to the substrate 102. Although the source 108 
forms on the trench material 115 in some embodiments, 
other embodiments may switch the locations of the source 
and drain 108 and 110 such that the drain 110 is thermally 
coupled with the substrate 102. 

In embodiments, the trench material 115 is composed of 
the same semiconductor material as the channel structure 
106. For example, channel structure 106 and the trench 
material 115 both comprise a III-V material such as GaN. 
Although the channel structure 106 and trench material 115 
may be composed of the same semiconductor materials, the 
amount of threading dislocation defects 117 within the 
channel structure 106 is significantly less than the amount of 
threading dislocation defects 117 within the trench material 
115. For instance, both the channel structure 106 and trench 
material 115 may be composed of GaN, but the channel 
structure 106 and has a defect density less than 1E9 cm’ 
while the trench material 115 has a defect density greater 
than 1E9 cm. The channel structure 106 has a defect 
density lower than the trench material 115 because the 
existence of defects within the channel structure 106 may 
decrease transistor efficiency and reliability. Trench material 
115 can have significantly more defects than the channel 
structure 106. Under typical transistor operating conditions, 
the substrate 102 and the source 108 are equipotential. 
Accordingly, the trench 115 and the source 108 are also 
equipotential. Thus, current does not pass through the trench 
material 115. As such, the high defect density of threading 
dislocations 117 in the trench material 115 may have little 
effect on transistor operation. In other embodiments, the 
trench material 115 is composed of a different semiconduc 
tor material than the channel structure 106. For example, the 
channel structure 106 may be composed of GaN and the 
trench material 115 may be composed of InCiaN. 
The trench material 115 may be formed on a top surface 

103 of the silicon substrate 102. Any suitable epitaxial 
growth process may form the trench material 115 on the top 
surface 103 of the silicon substrate 102. In some embodi 
ments, the top surface 103 of the silicon substrate 102 may 
be a modified surface to aid in the epitaxial growth of the 
trench material 115. By way of example, not by way of 
limitation, the top surface 103 of the silicon substrate 102 
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may be modified to have a V-groove profile. The V-groove 
profile has modified top surfaces 103 that expose the <111> 
plane within a global <100> silicon substrate and converge 
at a lowest point. Compared to a flat-Surface profile, the 
V-groove profile arranges silicon cubic crystals at the top 
surface 103 in an orientation that allows for better crystalline 
matching during epitaxial growth. 
A gate electrode 112 forms on the channel structure 106. 

In some embodiments, the gate electrode 112 is a polysilicon 
gate electrode. In other embodiments, the gate electrode 112 
is a metal gate electrode. A dielectric layer 113 is disposed 
in between the gate electrode 112 and the channel structure 
106. In addition, a pair of gate spacers 114 may optionally 
be formed on opposite sides of the gate electrode 112. 
As depicted in region B of FIG. 1, a semiconductor 

device, such as a finFET transistor, may be formed on the 
same wafer plane as a wide band gap transistor. The finFET 
transistor may be a silicon-based transistor. The finFET 
transistor is formed on the substrate 102. The substrate 102 
includes a dielectric layer 104 located at the top surface 105 
of the silicon substrate 102 to electrically isolate the silicon 
substrate 102. A fin 101 extends through the dielectric layer 
104 from the silicon substrate 102 in order to expose the top 
surface 143 and portions of semiconductor sidewalls 144 
and 145 of the fin 101. A gate electrode 140 wraps around 
the three exposed surfaces of the fin 101. A gate dielectric 
142 is disposed in between the fin 101 and the gate electrode 
140. 

Certain embodiments of the present invention may be 
fabricated according to the processes described with respect 
to FIGS. 2A-2K. FIGS. 2A-2D depict a wide band gap 
transistor region A and a finFET transistor region B as the 
processes are performed. FIGS. 2E-2K depict only the wide 
band gap transistor region A as the processes continue to be 
performed. 

In FIG. 2A, a semiconductor substrate 202 with a pat 
terned photoresist mask 226 is provided. The semiconductor 
substrate 202 can be composed of a material suitable for 
semiconductor device fabrication. In one embodiment, the 
semiconductor Substrate 202 is a monocrystalline semicon 
ductor substrate. Semiconductor substrate 202 may also be, 
but not limited to, silicon (Si), sapphire (AlO4), silicon 
carbide (SiC), gallium arsenide (GaAs), and gallium phos 
phide (GaP). In one particular embodiment, the substrate is 
a global <100> oriented monocrystalline silicon substrate. 
The photoresist mask 226 may be patterned on the semi 
conductor substrate 202 to allow uncovered areas of the 
semiconductor substrate 202 to be etched away. In addition 
to the photoresist mask 226, an intervening hard mask may 
first be patterned to better resist mask degradation during the 
etching away of the semiconductor Substrate 202. In an 
embodiment, the photoresist mask 226 is patterned in the 
finFET transistor region B to define locations where fins for 
finFET transistors are to be formed. In another embodiment, 
the photoresist mask 226 is patterned in the wide band gap 
transistor region. A to define locations where trenches are to 
be formed and where wide band gap semiconductor material 
is to be Subsequently grown. 

Next, in FIG. 2B, fins 201 are formed by etching away the 
uncovered areas of the semiconductor substrate 202. A 
bottom Surface 227 lies in between the fins 201. Each fin 201 
has a top surface 243 and a first and second semiconductor 
sidewall 244 and 245. Fins 201A and bottom surfaces 227A 
are formed in the wide band gap transistor region A, whereas 
fins 201B and bottom surfaces 227B are formed in the 
finFET transistor region B. Although three fins 201 are 
shown in FIG. 2B, it is noted that many more fins 201 may 
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6 
be formed according to additional embodiments of the 
invention. The fins 201 may be substantially rectangular, but 
other embodiments are not so limited. The fins 201 can be 
formed by any suitable anisotropic etch process, such as a 
plasma etch process using a Cl-based process gas mixture. 
The photoresist mask 226 may be removed during the 
formation of fins 201. In some embodiments, fins 201A and 
201B are formed simultaneously with one etch process. As 
such, the fins 201A and 201B may be substantially similar 
to one another in both shape and size. In alternative embodi 
ments, fins 201A and 201B are formed separately with at 
least two different etch processes. As such, the bottom 
surfaces 227A may be deeper than the bottom surfaces 227B 
to compensate for a wide band gap transistor device height. 
As shown in FIG. 2C, a shallow trench isolation (STI) 

layer 204 is then formed on the bottom surface 227 located 
on either side of the fins 201. The STI layer 204 may be any 
suitable dielectric material, such as silicon dioxide. To form 
the STI layer 204, one deposition process may simultane 
ously blanket deposit the dielectric material in the wide band 
gap transistor region A and the finFET region B. Any 
well-known deposition process may blanket deposit the 
dielectric material. Such as, but not limited to, chemical 
vapor deposition (CVD) or plasma-enhanced chemical 
vapor deposition (PECVD). After blanket depositing the 
dielectric material, the dielectric material may be planarized 
and subsequently recessed to form the STI layer 204. Any 
Suitable planarization process, such as a chemical-mechani 
cal polishing (CMP) process, may be used to planarize the 
dielectric material and any suitable etching process, such as 
an HF wet etch process, may be used to recess the dielectric 
material to form the STI layer 204. After formation of the 
STI layer 204, only a portion of the semiconductor sidewalls 
244 and 245 are exposed. The STI layer 204 provides an 
isolating layer that may be used to isolate a gate electrode 
from the substrate, as well as provide isolation between 
individual transistors. 

Next, in FIG. 2D, the fins 201A in the wide band gap 
transistor region A are etched selective to the STI layer 204. 
Any suitable etch process that etches silicon but does not 
substantially etch silicon dioxide may be used to remove the 
fins 201A. Trenches 207 form within the semiconductor 
substrate 202 after performing the selective etch process. 
The trenches 207 extend through the STI layer 204 and into 
the semiconductor substrate 202 to expose top surfaces 203 
of the semiconductor substrate 202. As depicted in FIG. 2D, 
an additional etch process may form a modified top surface 
203 of the semiconductor substrate 202. The modified top 
surface 203 may include a V-groove profile that is formed by 
any typical crystallographic etch process. In one embodi 
ment, the modified top surface 203 is formed by a wet etch 
process with an active solution Such as, but not limited to, 
potassium hydroxide (KOH) or tetramethyl ammonium 
hydroxide (TMAH). 

While some embodiments use fins 201A to form the STI 
layer 204 in the wide band gap region A, alternative embodi 
ments may use a deposition, polish, and etching technique 
instead. For example, a dielectric material may initially be 
blanket deposited on the semiconductor substrate 202. 
Thereafter, the deposited dielectric material may be pla 
narized to form a dielectric layer. Subsequently, areas of the 
dielectric layer where the trench 207 is to be formed may be 
etched to reveal the semiconductor substrate 202. As a 
result, a patterned STI layer 204 is formed. It is to be 
appreciated that any other method of forming a patterned 
dielectric layer may be envisioned by embodiments of the 
present invention. 
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Although the fins 201A in the wide band gap transistor 
region A are selectively etched away, the fins 201B in the 
finFET transistor region B may remain as part of a finFET 
transistor structure. In one embodiment, the finFET transis 
tor is part of a CMOS circuit. A gate dielectric 242 is 
disposed on a portion of exposed surfaces of the fin 201B. 
A gate electrode 240 is formed directly on top of the gate 
dielectric 242. As such, the gate dielectric 242 is disposed in 
between the gate electrode 240 and the fin 201B. Any 
well-known deposition and etch processes may be used to 
form the gate dielectric 242 and gate electrode 240. 
Although shown as a complete structure in FIG. 2D, the 
finFET transistor in region B may be formed by processes 
before, during, or after the formation of the wide band gap 
transistor in region A. Any well-known processes for form 
ing finPET transistors may be used to form the finFET 
transistor in region B. 

Next, in FIG. 2E, a semiconductor material 216 is epi 
taxially grown from the top surface 203 of the semiconduc 
tor substrate 202 by any suitable epitaxial growth process, 
Such as vapor-phase epitaxy (VPE), molecular beam epitaxy 
(MBE), or chemical vapor deposition (CVD). In an embodi 
ment, the semiconductor material 216 is composed of a wide 
band gap material (e.g., any material with a band gap greater 
than 2.0 eV), a III-V material, or any material that suffers 
from dislocations and Stacking faults in its crystal structure 
during epitaxial growth on a non-native Substrate. In one 
embodiment, the semiconductor material 216 is GaN. In one 
particular embodiment, the semiconductor material 216 is 
GaN and the non-native substrate 202 is silicon. 

Semiconductor material 216 initially epitaxially grows 
within the confined boundaries of the trench 207 forming a 
trench material 215. Accordingly, semiconductor material 
216 cannot grow laterally. As such, semiconductor material 
216 grows substantially vertically (i.e., in the <0001 > direc 
tion) within the trench 207. Threading dislocation defects 
217 may form in the semiconductor material 216 during 
epitaxial growth. These defects are caused by a lattice 
mismatch between the semiconductor material 216 and the 
non-native Substrate 202. A non-native Substrate is any 
Substrate that has a mismatching lattice structure and/or a 
mismatching lattice constant with the semiconductor mate 
rial epitaxially grown from it. Threading dislocation defects 
217 originate from the top surface 203 of the semiconductor 
Substrate 202 and propagate through the semiconductor 
material 216 predominantly in the vertical direction. Hori 
Zontally and diagonally propagating threading dislocation 
defects terminate against the sidewall 209 of the trench 207. 
AS Such, very few horizontally and diagonally propagating 
threading dislocation defects continue to propagate above 
the top surface 205 of the semiconductor substrate 202. 
Rather, only vertically propagating defects continue to 
propagate above the top surface 205. In embodiments, the 
defect density of the trench material 215 is greater than 1E9 
cm. 
The modified V-groove profile of the top surface 203 of 

the substrate 202 aids in the epitaxial growth of semicon 
ductor material 216. Compared to a flat <100> surface 
profile, the V-groove profile arranges silicon cubic crystals 
at the top surface 103 in an orientation that allows for better 
crystalline matching with GaN wurtzite crystals during 
epitaxial growth. Better crystalline matching advanta 
geously reduces the negative effects of lattice mismatch 
between the two crystalline structures. In one embodiment, 
the V-groove profile decreases lattice mismatch to 17% from 
41% as seen in growth on a flat <100> Surface profile. 
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8 
When the semiconductor material 216 grows above the 

top surface 205 of the STI layer 204, the semiconductor 
material 216 grows laterally (i.e., in the <100> direction) 
onto the top surface 205 by lateral epitaxial overgrowth 
(LEO). Laterally grown semiconductor material 206 may 
have very little threading dislocation defects 217 because 
most of the defects 217 that propagate horizontally and 
diagonally have already terminated into the sidewall 209 of 
the trench 207. As such, the laterally grown semiconductor 
material 206 disposed on the top surface 205 of the STI layer 
204 is Substantially high-quality material that is significantly 
free of defects (“defect-free”). In one embodiment, the 
defect density of the defect-free laterally grown semicon 
ductor material 206 is less than 1E9 cm’. In an alternative 
embodiment, the defect density of the defect-free laterally 
grown semiconductor material 206 is less than 2E7 cm°. 

Laterally grown semiconductor material 206 extends a 
distance 218 over the top surface 205 at one point in its LEO. 
As laterally grown semiconductor material 206 continues to 
LEO, side surfaces 219 propagate in the <100> direction and 
extend toward an adjacent laterally growing semiconductor 
material 206 until the side surfaces 219 of adjacent semi 
conductor material coalesce and form a blanket layer of 
semiconductor material 216 and 206. 

Referring now to FIG. 2F, a seam 224 is formed at the 
point where two side surfaces 219 of adjacent semiconduc 
tor material coalesce. The pressure exerted at the seam 224 
from adjacent laterally overflowing materials results in 
defects formed in the area 222 around the seam 224. As 
such, the blanket layer of semiconductor material 216 and 
206 contains defective areas 221 and 222 and defect-free 
areas 220. In some embodiments, the defect density of 
semiconductor material 216 in the defective areas 221 and 
222 is greater than 1E9 cm, whereas the defect density of 
the defect-free semiconductor material 206 in the defect-free 
areas 220 is less than 1E9 cm. Accordingly, the defect-free 
semiconductor 206 has a significantly lower defect density 
than the trench material 215. After forming a blanket layer 
of semiconductor material 216 and 206, the blanket layer of 
semiconductor material 216 and 206 is subsequently pla 
narized. Any Suitable planarizing process. Such as CMP may 
be performed to planarize the blanket layer of semiconduc 
tor material 216 and 206 if desired. 
As shown in FIG. 2G, an insulating layer 228 is formed 

directly on top of the blanket layer of semiconductor mate 
rial 216 and 206. The insulating layer 228 may be composed 
of any Suitable dielectric Such as silicon dioxide. Any 
well-known deposition technique may be used to form the 
insulating layer 228. The insulating layer 228 isolates the top 
surface of blanket layer of semiconductor material 216 and 
206 from exposure to Subsequent process conditions. 

Next, as illustrated in FIG. 2H, the defective portions of 
the blanket layer of semiconductor material 216 and 206 in 
areas 221 and 222 are etched to form channel structures 206 
and trenches 207 containing the trench material 215. As a 
result, the top surface 205 of the STI layer 204, side surfaces 
211 of the channel structures 206, as well was top surfaces 
223 of the trench material 215 are exposed. The top surfaces 
223 of the trench material 215 and the side surfaces 211 of 
the channel structures 206 may provide nucleation surfaces 
for Subsequent epitaxial growth of semiconductor material. 
In some embodiments, the top surface 223 of the trench 
material 215 is substantially coplanar with the top surface 
205 of the STI layer 204 as depicted in FIG. 2H. In 
alternative embodiments, however, the top surface 223 of 
the trench material 215 is not substantially coplanar with the 
top surface 205 of the STI layer 204. As such, the top surface 
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223 of the trench material 215 may be lower or higher than 
the top surface 205 of the STI layer 204. In an embodiment 
where the top surface 223 of the trench material 215 is 
higher than the top surface 205 of the STI layer 204, the 
trench material 215 is directly adjacent to the channel 
structure 206. In an alternative embodiment where the top 
surface 223 of the trench material 215 is lower than the top 
surface 205 of the STI layer 204, the trench 207 contains a 
semiconductor material different from the trench material 
215. For example, the trench material 215 composed of GaN 
may be etched out of the trench 207 and subsequently filled 
with InGaN. In any case, the semiconductor material in the 
trench 207 provides a nucleation surface for epitaxial growth 
of semiconductor material. Any Suitable masking and etch 
ing process may be used to remove defective portions of the 
blanket layer 216. In one embodiment, a dry etch process 
that uses C1 plasma is used to remove defective portions of 
the blanket layer 216 and 206. 

Thereafter, as shown in FIG. 2I, a semiconductor material 
for a source 208 and a drain 210 is epitaxially grown within 
the openings formed in the blanket layer 216 and 206. As 
such, the source 208 and drain 210 may be self-aligned to the 
channel structure 206. The exposed top surface 223 of the 
trench material 215 and side surfaces 211 of the channel 
structure 206 serve as nucleating surfaces from which the 
source 208 and drain 210 can epitaxially grow. Furthermore, 
the insulating layer 228 prevents epitaxial growth of semi 
conductor material from the top of the channel structure 206. 
As such, the source 208 and drain 210 form on opposite 
sides of the channel structure 206. The drain 210 may be 
disposed directly on the top surface 205 of the STI layer 204 
and the source 208 may be formed directly on the top surface 
223 of the trench material 215 to form a source-in-trench 
structure. Nucleation of the source 208 on the trench mate 
rial 215 may thermally couple the source 208 with the 
substrate 202 via the trench material 215. Direct thermal 
communication between the source 208 and the substrate 
202 may provide direct heat sinking to the substrate 202, 
advantageously enhancing thermal dissipation during tran 
sistor operation. Although the source 208 forms on the 
trench material 215 in some embodiments, alternative 
embodiments may invert the locations of the source 208 and 
drain 210. 
The source 208 and drain 210 may be composed of a 

different semiconductor material than the channel structure 
206. Although their semiconductor materials may be differ 
ent, the lattice structure of the source 208 and drain 210 may 
be similar to the channel structure 206 such that epitaxial 
growth is possible. In an embodiment, the source 208 and 
drain 210 may be composed of a semiconductor material 
whose overall effective band gap is narrower than the 
channel structure 206 in order to minimize contact resistance 
with a first contact (not shown). In an embodiment of the 
invention, the channel structure 206 is composed of GaN 
and the source 208 and drain 210 are composed of a GaN 
alloy, such as InGaN. The source 208 and drain 210 may be 
formed by any well-known epitaxial growth technique. Such 
as VPE, MBE, and CVD. 

According to an embodiment, the narrower band gap of 
the semiconductor material used to form the source 208 and 
drain 210 is obtained by increasing the amount of the more 
conductive element. For instance, in an embodiment, InN is 
alloyed with GaN to form an InGaN alloy for the source 208 
and drain 210. Because InN has a band gap of 0.9 eV, as the 
amount of In in the InGaN alloy increases, the overall 
effective band gap of the InGaN decreases. In a particular 
embodiment, the concentration of In is such that the overall 
effective band gap of InGaN ranges from 1.5 eV to 3.2 eV. 
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Furthermore, the crystalline structure of InCiaN is similar to 
GaN. As such, the InGaN alloy can be epitaxially grown 
from the side surfaces 211 of the channel structure 206 
comprising GaN while maintaining a narrow band gap for 
minimizing contact resistance with a first contact (not 
shown). The source 208 and drain 210 may also be com 
posed of a highly doped N' semiconductor material in order 
to further reduce their overall effective band gap. Any 
suitable N- dopant, such as silicon, may be introduced 
during the epitaxial growth of the source 208 and drain 210 
to form the highly doped N' semiconductor material. It is to 
be appreciated that as silicon dopants increase to concen 
trations well over 5E19 cm, the process of forming the 
source 208 and drain 210 become more akin to blanket 
deposition than epitaxial growth. As such, one skilled in the 
art may adjust the dopant concentration to maximize N. 
dopant concentration while maintaining epitaxial growth of 
the source 208 and drain 210. In one embodiment, the 
doping concentration of the highly doped N semiconductor 
material is as high as 5E19 cm. In an alternative embodi 
ment, the doping concentration of the highly doped N' 
semiconductor material results in a semiconductor material 
with a sheet resistance of 40 to 50 ohm/sq. 

Unlike the channel structure 206, the source 208 and drain 
210 merely act as nodes for current flow. As such, the source 
208 and drain 210 may not require such low defect densities 
as the channel structure 206. In embodiments, the source 
208 and drain 210 have a defect density greater than 1E9 
cm. 

Next, as shown in FIG. 2.J., a gate stack including a gate 
dielectric 213 and a gate electrode 212 is formed on top of 
the channel structure 206. Any suitable material, such as 
silicon dioxide, may be used to form the gate dielectric 213. 
In an embodiment, the insulating layer 228 is used as the 
gate dielectric 213. In alternative embodiments, the dielec 
tric layer 228 is removed and a gate dielectric 213 is formed. 
The gate electrode 212 can be composed of any suitable 
material. Such as polysilicon. The gate electrode 212 and the 
gate dielectric 213 can be formed by any deposition and etch 
technique well-known in the art. 

In FIG. 2K, gate spacers 214 may subsequently be formed 
on opposite sides of the gate stack 212 and 213. The gate 
spacers 214 may be composed of any suitable spacer mate 
rial. Such as silicon dioxide, silicon nitride, or silicon car 
bide. Furthermore, any suitable spacer etching process may 
be used to form the gate spacer 214. 

FIG. 3 illustrates a computing system 300 implemented 
with one implementation of the invention. The computing 
device 300 houses a board 302. The board 302 may include 
a number of components, including but not limited to a 
processor 304 and at least one communication chip 306. The 
processor 304 is physically and electrically coupled to the 
board 302. In some implementations the at least one com 
munication chip 306 is also physically and electrically 
coupled to the board 302. In further implementations, the 
communication chip 306 is part of the processor 304. 

Depending on its applications, computing device 300 may 
include other components that may or may not be physically 
and electrically coupled to the board 302. These other 
components include, but are not limited to, Volatile memory 
(e.g., DRAM), non-volatile memory (e.g., ROM), flash 
memory, a graphics processor, a digital signal processor, a 
crypto processor, a chipset, an antenna, a display, a touch 
screen display, a touchscreen controller, a battery, an audio 
codec, a video codec, a power amplifier, a global positioning 
system (GPS) device, a compass, an accelerometer, a gyro 
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Scope, a speaker, a camera, and a mass storage device (Such 
as hard disk drive, compact disk (CD), digital versatile disk 
(DVD), and so forth). 
The communication chip 306 enables wireless commu 

nications for the transfer of data to and from the computing 
device 300. The term “wireless” and its derivatives may be 
used to describe circuits, devices, systems, methods, tech 
niques, communications channels, etc., that may communi 
cate data through the use of modulated electromagnetic 
radiation through a non-solid medium. The term does not 
imply that the associated devices do not contain any wires, 
although in Some embodiments they might not. The com 
munication chip 306 may implement any of a number of 
wireless standards or protocols, including but not limited to 
Wi-Fi (IEEE 802.11 family), WiMAX (IEEE 802.16 fam 
ily), IEEE 802.20, long term evolution (LTE), Ev-DO, 
HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS, CDMA, 
TDMA, DECT, Bluetooth, derivatives thereof, as well as 
any other wireless protocols that are designated as 3G, 4G, 
5G, and beyond. The computing device 300 may include a 
plurality of communication chips 306. For instance, a first 
communication chip 306 may be dedicated to shorter range 
wireless communications such as Wi-Fi and Bluetooth and 
a second communication chip 306 may be dedicated to 
longer range wireless communications such as GPS, EDGE, 
GPRS, CDMA, WiMAX, LTE, EV-DO, and others. 
The processor 304 of the computing device 300 includes 

an integrated circuit die packaged within the processor 304. 
In some implementations of the invention, the integrated 
circuit die of the processor includes one or more devices, 
Such as wide band gap transistors formed on non-native 
semiconductor substrates, that are formed in accordance 
with implementations of the invention. The term “proces 
sor may refer to any device or portion of a device that 
processes electronic data from registers and/or memory to 
transform that electronic data into other electronic data that 
may be stored in registers and/or memory. 
The communication chip 306 also includes an integrated 

circuit die packaged within the communication chip 306. In 
accordance with another implementation of the invention, 
the integrated circuit die of the communication chip includes 
one or more devices, such as airgap interconnects with hood 
layers, that are formed in accordance with implementations 
of the invention. 

In further implementations, another component housed 
within the computing device 300 may contain an integrated 
circuit die that includes one or more devices, such as airgap 
interconnects with hood layers, that are formed in accor 
dance with implementations of the invention. 

In various implementations, the computing device 300 
may be a laptop, a netbook, a notebook, an ultrabook, a 
Smartphone, a tablet, a personal digital assistant (PDA), an 
ultra mobile PC, a mobile phone, a desktop computer, a 
server, a printer, a scanner, a monitor, a set-top box, an 
entertainment control unit, a digital camera, a portable music 
player, or a digital video recorder. In further implementa 
tions, the computing device 300 may be any other electronic 
device that processes data. 

In an embodiment, a semiconductor transistor structure 
comprises a semiconductor Substrate; an insulating layer 
formed on top of the silicon Substrate; a trench extending 
through the insulating layer and into the silicon Substrate, the 
trench containing a trench material comprising a first III-V 
semiconductor material; a channel structure formed directly 
on top of the insulating layer and adjacent to the trench, the 
channel structure formed with a channel material comprising 
a second III-V semiconductor material having a defect 
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12 
density lower than a defect density of the trench material; a 
Source and drain formed on opposite sides of the channel 
structure, the source formed on top of the trench material; 
and a gate electrode formed above the channel structure. In 
another embodiment, the trench material and the channel 
material comprise gallium nitride. In yet another embodi 
ment, the channel material has a defect density less than 1E9 
cm. In an alternative embodiment, the trench material has 
a defect density greater than 1E9 cm’. In another embodi 
ment, the source is formed on top of the trench material and 
the drain is formed on top of the insulating layer. In yet 
another embodiment, the source is thermally coupled with 
the trench material. In an alternative embodiment, the Source 
is thermally coupled with the silicon substrate. In one 
embodiment, the source and drain comprise indium gallium 
nitride. In one other embodiment, the indium gallium nitride 
has an N" doping concentration higher than 5E19 cm. In 
yet another embodiment, the semiconductor Substrate com 
prises silicon, the trench material and channel structure 
comprise GaN, and the source and drain comprise InGaN. 

In one embodiment, a method of forming a semiconductor 
transistor structure comprises forming a patterned insulating 
layer on a semiconductor Substrate, the patterned insulating 
layer exposing an uncovered portion of the semiconductor 
Substrate; forming a trench in the semiconductor Substrate at 
the uncovered portion of the semiconductor Substrate; grow 
ing a semiconductor material within the trench Such that the 
material laterally overflows onto the patterned insulating 
layer and forms a blanket layer, the material comprising a 
III-V semiconductor material; etching away a portion of the 
blanket layer Such that a channel structure and a trench 
material remain, the channel structure having a lower defect 
density than the trench material; forming a source and drain 
on opposite sides of the channel structure; and forming a 
gate electrode on top of the channel structure. In an alter 
native embodiment, the blanket layer is formed by the 
material coalescing with an adjacent laterally overflowing 
material. In another embodiment, the forming a trench in the 
semiconductor Substrate is a selective etching of the uncov 
ered portion of the semiconductor substrate. In yet another 
embodiment, the material comprising a III-V semiconductor 
material is gallium nitride. In one embodiment, the portion 
of the blanket layer is a defective portion having a defect 
density greater than a defect density of the channel structure. 
In one other embodiment, the defective portion contains a 
defect density greater than 1E9 cm. In an alternative 
embodiment, the defect density of the channel structure is 
less than 1E9 cm. In another embodiment, the trench 
material has a defect density greater than 1E9 cm'. In yet 
another embodiment, the source and drain are formed by 
epitaxial growth. In one embodiment, the epitaxial growth 
forms an indium gallium nitride structure. In one other 
embodiment, the indium gallium nitride structure is formed 
with an N- doping concentration higher than 5E19 cm. 

In an embodiment, a system-on-chip comprises a semi 
conductor Substrate; a metal oxide semiconductor transistor 
formed on the semiconductor Substrate; and a wide band gap 
semiconductor transistor formed on the semiconductor Sub 
strate and adjacent to the metal oxide semiconductor tran 
sistor, comprising an insulating layer formed on top of the 
semiconductor Substrate; a trench formed through the insu 
lating layer and extending into the semiconductor Substrate, 
the trench filled with a trench material comprising a III-V 
semiconductor material; a channel structure formed directly 
on top of the insulating layer and adjacent to the trench, the 
channel structure formed with a channel material comprising 
a III-V semiconductor material having a defect density 
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lower than a defect density of the trench material; a source 
and drain formed on opposite sides of the channel structure; 
and a gate electrode formed on top of the channel structure. 
In an alternative embodiment, the trench material and the 
channel material comprise gallium nitride. In another 
embodiment, the channel material has a defect density of 
less than 1E9 cm’. In yet another embodiment, the trench 
material has a defect density greater than 1E9 cm. In one 
embodiment, the source is formed on top of the trench 
material and the drain is formed on top of the insulating 
layer. In one other embodiment, the source is thermally 
coupled with the trench material. In a different embodiment, 
the source is thermally coupled with the semiconductor 
Substrate. In another embodiment, the source and drain 
comprise indium gallium nitride. In yet another embodi 
ment, the indium gallium nitride has an N doping concen 
tration higher than 5E19 cm. 

In utilizing the various aspects of this invention, it would 
become apparent to one skilled in the art that combinations 
or variations of the above embodiments are possible for 
forming a wide band gap transistor on a non-native semi 
conductor Substrate. Although embodiments of the present 
invention have been described in language specific to struc 
tural features and/or methodological acts, it is to be under 
stood that the invention defined in the appended claims is not 
necessarily limited to the specific features or acts described. 
The specific features and acts disclosed are instead to be 
understood as particularly graceful implementations of the 
claimed invention useful for illustrating embodiments of the 
present invention. 
What is claimed is: 
1. A semiconductor transistor structure, comprising: 
a silicon Substrate; 
an insulating layer formed on top of the silicon Substrate; 
a trench extending through the insulating layer and into 

the silicon Substrate, the trench containing a trench 
material comprising a first III-V semiconductor mate 
rial; 

a channel structure formed directly on top of the insulat 
ing layer and adjacent to the trench, the channel struc 
ture formed with a channel material comprising a 
second III-V semiconductor material having a defect 
density lower than a defect density of the trench 
material; 

a source and drainformed on opposite sides of the channel 
structure, the source formed on top of the trench 
material; and 

a gate electrode formed above the channel structure. 
2. The semiconductor transistor structure of claim 1, 

wherein the trench material and the channel material com 
prise gallium nitride. 

3. The semiconductor transistor structure of claim 1, 
wherein the channel material has a defect density less than 
1E9 cm-2. 

4. The semiconductor transistor structure of claim 1, 
wherein the trench material has a defect density greater than 
1E9 cm-2. 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

14 
5. The semiconductor transistor structure of claim 1, 

wherein the source is formed on top of the trench material 
and the drain is formed on top of the insulating layer. 

6. The semiconductor transistor structure of claim 5, 
wherein the source is thermally coupled with the silicon 
substrate. 

7. The semiconductor transistor structure of claim 1, 
wherein the Source and drain comprise indium gallium 
nitride. 

8. The semiconductor transistor structure of claim 7, 
wherein the indium gallium nitride has an N+ doping 
concentration higher than 5E19 cm-3. 

9. The semiconductor transistor structure of claim 1, 
wherein the trench material and channel structure comprise 
GaN, and the source and drain comprise InGaN. 

10. A system-on-chip, comprising: 
a semiconductor Substrate; 
a metal oxide semiconductor transistor formed on the 

semiconductor Substrate; and 
a wide band gap semiconductor transistor formed on the 

semiconductor Substrate and adjacent to the metal 
oxide semiconductor transistor, comprising: 

an insulating layer formed on top of the semiconductor 
Substrate; 

a trench formed through the insulating layer and extend 
ing into the semiconductor substrate, the trench filled 
with a trench material comprising a III-V semiconduc 
tor material; 

a channel structure formed directly on top of the insulat 
ing layer and adjacent to the trench, the channel struc 
ture formed with a channel material comprising a III-V 
semiconductor material having a defect density lower 
than a defect density of the trench material; 

a source and drain formed on opposite sides of the channel 
structure; and 

a gate electrode formed on top of the channel structure. 
11. The semiconductor transistor structure of claim 10, 

wherein the trench material and the channel material com 
prise gallium nitride. 

12. The semiconductor transistor structure of claim 10, 
wherein the channel material has a defect density of less than 
1E9 cm-2. 

13. The semiconductor transistor structure of claim 10, 
wherein the trench material has a defect density greater than 
1E9 cm-2. 

14. The semiconductor transistor structure of claim 10, 
wherein the source is formed on top of the trench material 
and the drain is formed on top of the insulating layer. 

15. The semiconductor transistor structure of claim 10, 
wherein the source is thermally coupled with the semicon 
ductor substrate. 

16. The semiconductor transistor structure of claim 10, 
wherein the Source and drain comprise indium gallium 
nitride. 


